Background: To examine the structure-function relationship between retinal thickness using spectral-domain optical coherence tomography and standard automated perimetry in high myopia. Methods: The study population comprised 58 highly myopic individuals with no posterior abnormalities (mean spherical equivalent refraction ≤ −6.00 D and axial length ≥ 26.0 mm). All eyes underwent optical coherence tomography with the Spectralis spectral domain optical coherence tomograph and visual field evaluation with the Humphrey Field Analyzer II-i. Average macular layer thicknesses in each quadrant were calculated in a 6 × 6 mm area centred on the fovea. The visual field was assessed from 17 central locations (10 ), approxi-
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It is often accompanied by ocular complications such as glaucoma, 2 cataracts, 3 macular degeneration, 4 and retinal detachment, 5 leading to blindness when the damage to the retina is severe. 6 The optic nerve fibre deformation following axial lengthening in high myopic eyes causes degenerative damages which impair vision. 7, 8 In addition, myopic eyes can have more dramatic peripheral defocus than shorter eyes, which may be due to related fundus changes such as staphyloma. Defocus decreases retinal image quality by spreading the image over a larger area and leads to reduction of the luminous contrast and change of luminous gradient at the image margin. 9 These changes adversely affect the quality of life of individuals as well as being an economic burden on health care systems. 10 High myopia is a risk factor for visual field defects. 8, 10, 11 Visual field measurement by automated perimetry is one of the most commonly used methods to assess the severity of visual field loss. 12 The location of the visual field defect may correspond to the location of the ectatic retina following decreasing of retinal layer thicknesses. 13 Thickness changes in both the macula retinal layer and peripapillary nerve fibre layer have been reported in myopic eyes. [14] [15] [16] Detailed investigation of retinal layer thickness in high myopia and associated pathological changes is of great importance for early detection and treatment of degenerative eye diseases following myopia progression. 6 Spectral-domain optical coherence tomography is a non-invasive technology that enables high-resolution cross-sectional imaging of the retinal structure in vivo and quantitative analysis of the macula retinal layers and peripapillary retinal nerve fibre layer thicknesses. [17] [18] [19] [20] Potential artefacts (for example, pupil size, peripheral refractive defocus and individual differences in functional test and disc area, axial length, and segmentation errors in structural tests) may independently affect results of structural and functional tests. 21 Therefore, applying both structural and functional techniques can provide complementary information. 21 As far as the authors are aware, there has been a limited number of studies on assessment of structure-function relationship in myopic eyes. 22, 23 Wolsley et al. 22 investigated the correlation between retinal structure using optical coherence tomography and retinal function using peripheral resolution acuity and multifocal electroretinograms. They stated that losses in neural activity in higher degrees of myopia, due to reduced thickness of the middle to inner retina, result in delayed multifocal electroretinogram timing. Ismael et al. 23 compared structure and function using optical coherence tomography and multifocal electroretinogram. Their results illustrated an adverse effect on the ocular structure and associated retinal function through thinning and stretching of the retina. The structure-function relationship in high myopia using spectral-domain optical coherence tomography for structural evaluation and visual field for functional evaluation has not been assessed previously. This information may generate better normative databases for highly myopic populations. The hypothesis for this investigation is that visual field sensitivity in high myopia is reduced as retinal layer thickness decreases. Therefore, the purpose of the current study is to correlate, in highly myopic eyes, thicknesses of different macular layers and of the peripapillary retinal nerve fibre layer thickness with visual field sensitivity.
Methods

Study population
The cross-sectional study adhered to the tenets of the Declaration of Helsinki and was approved by the Research Ethics Committee of Mashhad University of Medical Sciences. After complete explanation, written informed consent was obtained from each participant.
Sixty highly myopic patients (defined as the mean spherical equivalent ≤ −6.00 D and axial length ≥ 26.0 mm) were recruited. Two individuals were excluded due to unreliable perimetric indices (more than 20 per cent fixation loss rate), leaving 58 patients who completed the testing.
At the initial visit, each subject underwent a detailed ocular examination including visual acuity assessment, slitlamp biomicroscopy, funduscopic examination, Goldmann applanation tonometry, and biometry measurements. A cycloplegic refraction was also performed 30 minutes after three successive drops of one per cent tropicamide at five minute intervals. Axial length was determined with the LenStar LS 900 (Haag-Streit AG, Koeniz, Switzerland). An inclusion criterion was best-corrected visual acuity of ≥ 6/7.5.
Participants with a history of ocular surgery and ocular diseases, and systemic diseases that affect the retina were excluded. The right eye of each subject was included for analysis. Perimetry and optical coherence tomography results were evaluated by a glaucoma specialist to rule out any potential subjects with glaucoma. Additionally, individuals with, or at risk of glaucoma, with vertical cup-to-disc ratio more than 0.6 24 and intraocular pressure (after adjustment to corneal thickness factor) > 21 mmHg 25 were excluded.
Optical coherence tomography
The macular total thickness, macular nerve fibre layer, ganglion cell layer, outer nuclear layer, and peripapillary retinal nerve fibre layer thicknesses were measured with spectral-domain optical coherence tomography (Spectralis, Heidelberg Engineering, Heidelberg, Germany). For each patient, two complete volume scans were performed which provided up to 40,000 A scans/second with axial and transverse resolutions of 7 and 14 μm, respectively. The scan with higher signal and image quality was selected for statistical analysis. The automatic realtime function was employed and nine images at the same location were captured and averaged automatically by the instrument software to increase image signal-tonoise ratio and improve the image quality. For evaluation of the macular area, each macular thickness map was divided into nine regions suggested by the Early Treatment for Diabetic Retinopathy Study 26 including a 1 mm diameter central disc and an inner and outer ring, each divided into four quadrants, with diameters of 3 and 6 mm, respectively. Average macular layer thicknesses (that is, total thickness, nerve fibre layer, ganglion cell layer, outer nuclear layer) in each quadrant (superior, inferior, temporal, nasal) were calculated by averaging the inner and outer segments, excluding the foveal region ( Figure 1 ). 12, 27 For assessment of the peripapillary retinal nerve fibre layer thickness, a scan circle with a diameter of approximately 3.45 mm was positioned manually at the centre of the optic disc.
In order to correct axial length-related ocular magnification effect, we used the Littmann formula (t = p × q × s), as modified by Bennett and later adopted by Leung et al. and Kang et al. 15, [28] [29] [30] In this formula, t is the actual fundus dimension, p is the magnification factor for the camera of the imaging system, q is the magnification factor of the eye and s is the uncorrected peripapillary retinal nerve fibre layer obtained using optical coherence tomography. Factor p is instrument-dependent and remains a constant for the camera of the imaging system: it is 3.382 in spectraldomain optical coherence tomography. 29 The ocular magnification factor q of the eye is 0.01306 × (axial length − 1.82), where axial length is in millimetres.
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Visual field sensitivity
Central and peripheral visual field sensitivities were tested with the 30-2 Swedish Interactive Threshold Algorithm standard program with a Goldmann size III white stimulus on a Humphrey Field Analyzer II-i (Carl Zeiss Meditec Inc, Dublin, California, USA). Rimless trial lenses were worn during the testing, while the other eye was occluded with an eye patch. The appropriate near spectacle correction, based on the age and working distance, was used. The test was performed by a single examiner and a brief demonstration was given to familiarise the patients with the procedure. Visual field sensitivity was assessed from 17 central test locations, in decibels (dB) (red dashed square on the right side of Figure 1 ), roughly the equivalent of the area tested by optical coherence tomography in the macular scan. Each visual field test location provided in dB was converted to anti-logged 1/Lambert (1/L) units by dividing the dB value by 10 and anti-logging the quotient. 12, 27, 32, 33 This conversion is based upon the assumption that the relationship between the structure and function is linear when visual field measures are expressed in a linear scale. 32 Results were averaged in each of the superior, temporal, inferior and nasal quadrants for analysis, excluding the foveal point which is not shown in Figure 1 . For those points that lie on the diagonal meridian, each value was divided in two and gave half values to each quadrant. Additionally, patients were further classified as having abnormal visual field based on their mean deviation (MD) from the instrument 'normal' across the whole field as follows: mild (−6 dB < MD ≤ −2 dB), moderate (−12 dB < MD ≤ −6 dB), or severe (MD ≤ −12 dB). 33 Correlation between structure and function
The correlations between 1 mm diameter central thicknesses (that is, total thickness, nerve fibre layer, ganglion cell layer, outer nuclear layer) and foveal sensitivity were Clinical and Experimental Optometry 102.3 May 2019determined. The correlations between macular retinal layer thicknesses (6 mm diameter disc) and visual field sensitivity were assessed in four matched quadrants (Figure 1) . 12, 27 For correlation with peripapillary retinal nerve fibre layer thickness, the visual field positions were grouped into six areas according to the modified structure-function correspondence map of Wu et al. 33 ( Figure 2 ).
Peripapillary retinal nerve fibre layer thickness were grouped as temporal (T), temporal-superior (TS), nasal-superior (NS), nasal (N), nasal-inferior (NI), and temporal-inferior (TI). Visual field positions were included in Area 1 to Area 6, shown by matched colours in Figure 2 . Visual field sensitivities were averaged in each area. 33 
Statistical analysis
All statistical analyses were performed using the SPSS software version 11.5 (SPSS Inc, Chicago, Illinois, USA). Correlations between structure and function were performed using the Pearson correlation co-efficient (r). Normal distribution of quantitative variables was checked using the KolmogorovSmirnov test.
Results
The mean AE standard deviation of age, mean spherical equivalent and axial length were 28. According to the definitions for abnormal visual field based on mean deviation from the instrument normal, 19 individuals had normal visual fields while 39 had some visual field defects (34 mild and five moderate).
Analysis of structures versus axial length showed significant correlations between axial length and total macular thickness (r = +0.31, p = 0.02), nerve fibre layer thickness (r = +0.38, p = 0.003), and ganglion cell No statistically significant correlations were noted between the following macular thicknesses and foveal sensitivity: 1 mm diameter central disc total thickness (r = −0.21, p = 0.11), nerve fibre layer thickness (r = +0.14, p = 0.29), ganglion cell layer thickness (r = +0.14, p = 0.29), and outer nuclear layer thicknesses (r = +0.05, p = 0.71).
The correlations between different macular layer thicknesses and visual field sensitivity are summarised in Table 1 temporal quadrant and visual field sensitivity in the nasal quadrant, and between outer nuclear layer thickness in the inferior quadrant and visual field sensitivity in the superior quadrant.
Since current study involved multiple comparisons, we also assessed the data with a Bonferroni correction, that is, p < 0.05/4 or 0.0125. After doing this, we found significant correlations between nasal ganglion cell layer thickness and temporal visual field sensitivity quadrant, temporal nerve fibre layer thickness and nasal visual field sensitivity, inferior outer nuclear layer thickness and superior visual field sensitivity, and the other correlations mentioned above can be considered to be marginally significant. Table 2 shows the correlations between peripapillary retinal nerve fibre layer thickness and visual field sensitivity according to the predefined map of Figure 2 . After correcting the measured values by means of the modified Littmann formula, the only significant correlation was between the TS thickness and its corresponding visual field sensitivity (Area 2).
Discussion
Our hypothesis that visual field sensitivity in high myopia is reduced as retinal layer thickness decreases was partly supported. There were significant positive correlations between macular ganglion cell layer thickness and visual field sensitivity in all quadrants. There were also significant positive correlations between temporal quadrant nerve fibre layer thickness and nasal quadrant visual field sensitivity, and between inferior quadrant outer nuclear layer thickness and superior quadrant visual field sensitivity. Additionally, there was significant correlation between temporal-superior peripapillary retinal nerve fibre layer and nasalinferior (Area 2) visual field sensitivity.
Most previous studies in this area have considered one of the retinal structural 14, 15, 34 or functional 8, [35] [36] [37] [38] changes in high myopia.
Some of them found that reduced retinal layer thickness in high myopia associated with myopia-related losses in ganglion cell thickness was due to the retinal stretching. 37, 38 Wolsely et al. 22 assessed the retinal structure-function relationships by optical coherence tomography in the central 32 of the retina and peripheral resolution acuity and multifocal electroretinograms. They investigated total retinal thickness and the retina was then divided into photoreceptor layer and mid-inner retinal layers. They found reduced thickness of the middle to inner retina in moderate and high myopia, and found that retinal thinning was correlated with decreased spatial resolution and delayed multifocal electroretinogram timing in the retina. Similar to Wolsley et al. 22 our results suggest that the retinal structure deformation associated with axial elongation could lead to changes, especially in the ganglion cell layer in high myopia. Finally, reduction of the mid-inner retina thickness in the Wolsely study and reduced ganglion cell layer thickness in the present study indicated that the mid-inner retina, especially the ganglion cell layer thickness, may have a significant role for visual field changes in highly myopic eyes. Temporal-superior peripapillary retinal nerve fibre layer was found to have a moderate correlation with nasal-inferior visual field sensitivity (Area 2). This could be interpreted as mechanical stretching and distortion of optic nerve fibres due to an increased axial length. 7, 8 This may be also explained by the orientation of the tilt in the inferonasal direction with the superotemporal disc portion elevated and inferonasal disc flattened. There do not appear to have been previous studies investigating correlations between peripapillary nerve fibre layer thickness and visual field sensitivity in myopic populations. However, previous studies in glaucoma showed the highest correlations between visual field defect and peripapillary nerve fibre layer thicknesses for the TS and TI sectors. 33, 39, 40 Analysing the correlation between the peripapillary retinal nerve fibre layer thickness and visual field defects, it is important to evaluate measurements of specific visual field areas with corresponding optical coherence tomography measurements. 33 When using the pattern suggested by Wu et al., 33 six areas around the optic disc are correlated with six corresponding areas of the visual field not respecting the vertical meridian. However, for macular thickness measurements, the correspondence with visual field areas is a more direct assessment. For example, inferior visual field defects can be correlated with superior macular thickness measurements, while nasal visual field defects can be correlated with temporal macular thickness measurements. However, most spectral domain optical coherence tomography images provide macular measurements as circular measurements, usually according to the Early Treatment for Diabetic Retinopathy Study map, and do not respect the vertical meridian and will be difficult to correlate with visual field defects which respect the vertical meridian. Since high myopia is commonly associated with glaucoma, it cannot be a good representative of the general myopic population. However, we tried to omit glaucoma from our sample by including strict inclusion and exclusion criteria, including funduscopic examination, intraocular pressure, central corneal thickness and anterior chamber angle assessments. A strength of the present analysis was that the ocular magnification effect was considered in the present results based on the Littmann formula for calculating the true sizes and overcoming the magnification produced by the patient's eye. 28 However, due to the narrow distribution of axial length and refraction in our sample, no significant difference was observed between corrected and uncorrected data based on magnification effect. It should be noted that the presence of tilted optic disc (20/58 in the present study) associated with high axial myopia could influence the results. Therefore, to assess the structure and/or function of the myopia, excluding eyes with aforementioned retinal change from the population in later studies is recommended. A limitation of the present study was that the Humphrey 30-2 program for visual field assessment and macular data were driven from the same result. To correlate macula thickness with associated function, the 10-2 program from the Humphrey visual field analyser or microperimetry measurements is recommended for future studies. Microperimetry as a novel fundusrelated perimetry technique provides exact evaluation of macular function by correlating retinal lesions to sensitivity. 41 In conclusion, the present findings suggest that ganglion cell layer thickness changes may result in visual field defects in highly myopic eyes. The correlation between retinal layer thicknesses and visual field sensitivity could be explained by myopia-related losses due to lateral retinal stretching, with further research required to investigate this.
